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We know a number of important roles
for RNA structure

Catalytic(e.g. ribosomal RNA is added to the

list of ribozymes.)

Binding( RNA-protein, RNA-RNA, RNA-DNA and

RNA-small molecule, other?) involved in 

regulation and localization.  

Purely structural?



RNA Informatic issues

Some databases

Analysis program repositories and servers



www.rnabase.org/



www.imb-jena.de/RNA.html



RNA Structures

Primary sequence

Secondary structure

Tertiary structure(e.g. pseudoknots, etc.)

Ultimately atomic scale models



Three dimensional model of the core structure of HIV-1 RRE

Atomic level of structural model



RNA SECONDARY STRUCTURERNA SECONDARY STRUCTURERNA SECONDARY STRUCTURE

WellWell--ordered secondary structure required ordered secondary structure required 
for RNA functionfor RNA function

RibozymesRibozymes
RibosomesRibosomes
Signal recognition particle (Signal recognition particle (srpsrp) ) RNAsRNAs
transfer transfer RNAsRNAs ((tRNAstRNAs))
Functional RNA elementsFunctional RNA elements

RRE, TAR, IRES, IRERRE, TAR, IRES, IRE



Some Rules for RNA Folding
(severely simplified)

Single stranded nucleic acids can fold back on themselves
to form regions of typical duplex structure(called “stems”)

Watson-Crick rules: A:U, G:C, (G:U -”wobble”)are favorable

Thermodynamic refinements:
benefits for helical stacking
penalties for loops ( hairpin, internal, and multi-

branched).

Rules are undergoing long term, gradual refinement so that
they can now correctly predict “most” of the base pairs
observed in known structures.



An example of RNA secondary structure

Stem

Bulge loop
Multiple loop

Internal loop

Hairpin loopbinding site
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NomenclatureNomenclature
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GG

CC
UU

GG
GG
AA

AA

AA

AA

CC
CC

AA

GG

AA UU
CC CC CCCCCCCC

CC
GG GG

GGGG UU UU
AA

AA
UU

AA

AAUUUU CC
GGCC

GG

5’5’ 3’3’

DangleingDangleing--endend

bulge loopbulge loop

stemstem

multimulti--branched branched 
looploop

interior loopinterior loop

hairpin hairpin 
looploop



RNA SECONDARY STRUCTURE
Of RNase P RNA

RNA SECONDARY STRUCTURERNA SECONDARY STRUCTURE
Of Of RNaseRNase P RNAP RNA



Small subunit ribosomal RNASmall subunit ribosomal RNA



transfer  RNA tertiary structuretransfer  RNA tertiary structure
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Stems are nested relationshipsStems are nested relationshipsStems are nested relationships

AAGACUUCGGAUCUGGCGACACCC

A
A

G
A

C

C
U
A

G
U

U C
G

G G
C C

C

C
G C

A

A

Stem stacking
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Stems are nested relationshipsStems are nested relationshipsStems are nested relationships

If positions i and j pair and i’ and j’ pair, If positions i and j pair and i’ and j’ pair, 
these pairs are nested if:these pairs are nested if:

i < i’ < j’ < j  or  i’ < i < j < j’i < i’ < j’ < j  or  i’ < i < j < j’

AAGACUUCGGAUCUGGCGACACCC
3   5         10  13 15   18     22 243   5         10  13 15   18     22 24



RNA TERTIARY STRUCTURERNA TERTIARY STRUCTURERNA TERTIARY STRUCTURE
Pseudoknots Pseudoknots Pseudoknots 

U
U

G

G

C

C

A U
C
G

G

C UG A GU

C
C
G

A AAA

A
A

A

Stem 1

Stem 2

Loop 1

Loop 2

L1 crosses the deep groove
in the pseudoknot

L2 crosses the deep groove
In the pseudoknot



Pseudoknots are not nestedPseudoknotsPseudoknots are not nestedare not nested

...UUCCG
AGGGCAACUCGA

UGAGCU...

A

A
A A

UUCCGAAGCUCAACGGGAAAAUGAGCU



RNA SECONDARY STRUCTURERNA SECONDARY STRUCTURERNA SECONDARY STRUCTURE
Predicting for secondary structuresPredicting for secondary structuresPredicting for secondary structures

Comparative sequence analysis

Nussinov folding algorithm

Zuker folding alogrithm

Genetic Algorithm (RNAGA, Chen, Le and Maizel)

Comparative sequence analysisComparative sequence analysis

NussinovNussinov folding algorithmfolding algorithm

ZukerZuker folding folding alogrithmalogrithm

Genetic Algorithm (RNAGA, Chen, Le and Genetic Algorithm (RNAGA, Chen, Le and MaizelMaizel))
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PREDICTION of RNA PREDICTION of RNA 
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Comparative sequence analysis

Problem: multiple solutions,  very tedious
manual works are often involved.

Computation: Search for conserved 
complementary base-pairings in the 
folded stems.

Requirement:  A set of conserved phylogenetic
sequences and a reasonable multiple
sequence alignment.

Comparative sequence analysisComparative sequence analysis

Problem: multiple solutions,  very tediousProblem: multiple solutions,  very tedious
manual works are often involved.manual works are often involved.

Computation: Search for conserved Computation: Search for conserved 
complementary basecomplementary base--pairings in the pairings in the 
folded stems.folded stems.

Requirement:  A set of conserved Requirement:  A set of conserved phylogeneticphylogenetic
sequences and a reasonable multiplesequences and a reasonable multiple
sequence alignment.sequence alignment.
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Comparative sequence analysis:
Step 1: Multiple sequence alignment
Step 2: Search for covarying nucleotides

Comparative sequence analysis:Comparative sequence analysis:
Step 1: Multiple sequence alignmentStep 1: Multiple sequence alignment
Step 2: Search for Step 2: Search for covaryingcovarying nucleotidesnucleotides

U C
U G
C-G
N-N’
G-C

U CU C
UU GG
CC--GG
NN--N’N’
GG--CC

Seq1 GCCUUCGGGC
Seq2 GACUUCGGUC
Seq3 GCCUUCGGGC

Seq1Seq1 GCCUUCGGGCGCCUUCGGGC
Seq2Seq2 GACUUCGGUCGACUUCGGUC
Seq3Seq3 GCCUUCGGGCGCCUUCGGGC
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Comparative sequence analysis:
Measuring pairwise sequence covariation

Comparative sequence analysis:Comparative sequence analysis:
Measuring Measuring pairwisepairwise sequence sequence covariationcovariation

Mutual Information: A measure of how much 
uncertainty about the nucleotide at one site is 
reduced by knowing the nucleotide at another 
site.

Mutual InformationMutual Information: A measure of how much : A measure of how much 
uncertainty about the nucleotide at one site is uncertainty about the nucleotide at one site is 
reduced by knowing the nucleotide at another reduced by knowing the nucleotide at another 
site.site.
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PREDICTION of RNA PREDICTION of RNA 
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Comparative sequence analysis:
Mutual Information:
Comparative sequence analysis:Comparative sequence analysis:
Mutual Information:Mutual Information:

    
MI X ,Y( )= P Xi,Yj( )log n

P Xi,Yj( )
P Xi( )P Yj( )j

∑
i

∑

P(Xi) is the probability (frequency) of nucleotide i at site X

P(Xi,Yj) is the joint probability of nucleotide i at site X and nucleotide j 
at site Y

P(P(XXii) is the probability (frequency) of nucleotide i at site X) is the probability (frequency) of nucleotide i at site X

P(P(XXii,,YYjj) is the joint probability of nucleotide i at site X and nucleot) is the joint probability of nucleotide i at site X and nucleotide j ide j 
at site Yat site Y
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From: Durbin, et al. From: Durbin, et al. 
1998. Biological 1998. Biological 
Sequence Analysis.Sequence Analysis.
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Nussinov RNA folding algorithm:             NussinovNussinov RNA folding algorithm:             RNA folding algorithm:             

Dynamic programming algorithm for finding the RNA 
secondary structure with the maximum base-pairs.

Recursive algorithm, building larger subsequences onto smaller 
subsequences.

For nucleotides i and j there are 4 ways to add them to an existing 
subsequence structure:

Add unpaired i to structure for i+1, j
Add unpaired j to structure for i, j-1
Add i,j pair to structure for i+1,j-1
Combine 2 optimal substructures i,k and k+1, j

Dynamic programming algorithm for finding the RNA Dynamic programming algorithm for finding the RNA 
secondary structure with the maximum basesecondary structure with the maximum base--pairs.pairs.

Recursive algorithmRecursive algorithm, building larger subsequences onto smaller , building larger subsequences onto smaller 
subsequences.subsequences.

For nucleotides For nucleotides ii and and jj there are 4 ways to add them to an existing there are 4 ways to add them to an existing 
subsequence structure:subsequence structure:

Add unpaired Add unpaired ii to structure for i+1, to structure for i+1, jj
Add unpaired Add unpaired jj to structure for to structure for ii, , jj--11
Add Add ii,,jj pair to structure for pair to structure for ii+1,+1,jj--11
Combine 2 optimal substructures Combine 2 optimal substructures ii,,kk and and kk+1, +1, jj
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Nussinov RNA folding algorithmNussinovNussinov RNA folding algorithmRNA folding algorithm

ii
i i + 1+ 1 jj

jj
j j -- 11ii

ii unpairedunpaired jj unpairedunpaired

k k + 1+ 1

kk
jjii

bifurcationbifurcation

jjii
j j -- 11i i + 1+ 1

ijij pairpair
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SECONDARY STRUCTURESECONDARY STRUCTURE

Nussinov RNA folding algorithmNussinovNussinov RNA folding algorithmRNA folding algorithm

The algorithm:

Given a sequence x of L symbols x1, ..., xL

If xi and xj are complementary base pairs then δ(i,j) = 1

If not, then δ(i,j) = 0

Calculate scores γ(i,j) that are the maximal number of base 
pairings that can be formed for subsequence xi ... xj

As with other dynamic programming alogrithms we’ve seen there are 
two steps: filling the matrix followed by traceback.

The algorithm:The algorithm:

Given a sequence Given a sequence xx of L symbols of L symbols xx11, ..., , ..., xxLL

If If xxii and and xxjj are complementary base pairs then are complementary base pairs then δδ((ii,,jj) = 1) = 1

If not, then If not, then δδ((ii,,jj) = 0) = 0

Calculate scores Calculate scores γγ((ii,,jj) that are the maximal number of base ) that are the maximal number of base 
pairings that can be formed for subsequence pairings that can be formed for subsequence xxii ... ... xxjj

As with other dynamic programming As with other dynamic programming alogrithmsalogrithms we’ve seen there are we’ve seen there are 
two steps: filling the matrix followed by two steps: filling the matrix followed by tracebacktraceback..
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Nussinov RNA folding algorithmNussinovNussinov RNA folding algorithmRNA folding algorithm

Matrix filling

Initialize the matrix γ (i , i - 1) = 0 for i = 2 to L
γ(i , i) = 0 for i = 1 to L

Recursive filling for subsequences of length 2 to L

γ(i,j) = max : γ(i +1 , j) 
γ(i , j - 1) 
γ(i +1, j - 1) + δ(i,j)  
max [γ(i , k) + γ(k + 1, j)]
i < k < j

Matrix fillingMatrix filling

Initialize the matrixInitialize the matrix γ γ ((i i , , i i -- 1) = 0 1) = 0 for i = 2 to Lfor i = 2 to L
γγ((i i , , ii) = 0 ) = 0 for i = 1 to Lfor i = 1 to L

Recursive fillingRecursive filling for subsequences of length 2 to Lfor subsequences of length 2 to L

γγ((ii,,jj) = max : ) = max : γγ((i i +1 , +1 , jj) ) 
γγ((i i , , j j -- 1) 1) 
γγ((i i +1, +1, j j -- 1) + 1) + δδ((ii,,jj)  )  
max [max [γγ((i i , , kk) + ) + γγ((kk + 1, + 1, jj)])]
ii < < kk < < jj
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Nussinov RNA folding algorithmNussinovNussinov RNA folding algorithmRNA folding algorithm
Matrix fillingMatrix fillingMatrix filling

A G G G A A A A U C C C
A 0
G 0 0
G 0 0
G 0 0
A 0 0
A 0 0
A 0 0
A 0 0
U 0 0
C 0 0
C 0 0
C 0 0

A G G G A A A A U C C C
A 0 0 0 0 0 0 0 0 1 0 0 0
G 0 0 0 0 0 0 0 0 0 1 1 1
G 0 0 0 0 0 0 0 0 0 1 1 1
G 0 0 0 0 0 0 0 0 0 1 1 1
A 0 0 0 0 0 0 0 0 1 0 0 0
A 0 0 0 0 0 0 0 0 1 0 0 0
A 0 0 0 0 0 0 0 0 1 0 0 0
A 0 0 0 0 0 0 0 0 1 0 0 0
U 0 0 0 0 1 1 1 1 0 0 0 0
C 0 1 1 1 0 0 0 0 0 0 0 0
C 0 1 1 1 0 0 0 0 0 0 0 0
C 0 1 1 1 0 0 0 0 0 0 0 0

0
0

0
0

0
0

0 1

0
0

0

0
0

0
0

0
0

1 1
0

0

0
0

0
0

0
1

1
1

0

0
0

0
0

1
1

1

0
0

0
1

1
1
1 1

0
0

1
2

1
1

0
1

2
2

1

1
2

3
2

2
3

3

3
4
4

Delta matrixDelta matrixDelta matrix
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Nussinov RNA folding algorithmNussinovNussinov RNA folding algorithmRNA folding algorithm
TracebackTracebackTraceback

A G G G A A A A U C C C
A 0 0 0 0 0 0 0 0 1 2 3 4
G 0 0 0 0 0 0 0 0 1 2 3 4
G 0 0 0 0 0 0 0 1 2 3 3
G 0 0 0 0 0 0 1 2 2 2
A 0 0 0 0 0 1 1 1 1
A 0 0 0 0 1 1 1 1
A 0 0 0 1 1 1 1
A 0 0 1 1 1 1
U 0 0 0 0 0
C 0 0 0 0
C 0 0 0
C 0 0

AA
GG

CC
UU

GG
GG
AA

AA
AA

AA

CC
CC
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Zuker Thermodynamic Programming algorithmZukerZuker Thermodynamic Programming algorithmThermodynamic Programming algorithm

Energy minimization

Sum of contributions from: loops
base pairings
bulges
other sequence 

elements
And stacking interactions

For example: GC different from AU
GC GC

Energy minimizationEnergy minimization

Sum of contributions from:Sum of contributions from: loopsloops
base pairingsbase pairings
bulgesbulges
other sequence other sequence 

elementselements
And stacking interactionsAnd stacking interactions

For example: GC different from AUFor example: GC different from AU
GCGC GCGC
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Zuker Thermodynamic Energy minimization:ZukerZuker Thermodynamic Energy minimization:Thermodynamic Energy minimization:

unstructured single unstructured single 
strand                   0.0strand                   0.0

5’ dangle 5’ dangle --0.30.3

--2.9 stack2.9 stack
--2.9 stack2.9 stack

1 1 ntnt bulge  +3.3 bulge  +3.3 --1.8 stack (bulge)1.8 stack (bulge)

--0.9 stack0.9 stack

4 4 ntnt loop +5.9loop +5.9

--1.1 terminal mismatch1.1 terminal mismatch

AA

CC

CC
AA

GG
GG
UU

AA
AAAA

AA

CC
GG

AA

AA

UUAA

AAUU

GG CC--1.8 stack1.8 stack

--1.8 stack1.8 stack

Overall Overall ∆∆G = G = --4.3 kcal/mol4.3 kcal/mol



Zuker Energy minimization
Program: Mfold
Uses dynamic programming to predict 

secondary structures in RNA 
sequences

Returns optimal and suboptimal 
predicted structures

Dynamic programming requires 2 
matrices, V and W

W(i,j) := energy of best structure on i,j
V(i,j) := energy of best structure on i,j 

given that i,j are paired

ZukerZuker Energy minimizationEnergy minimization
Program: Program: MfoldMfold
Uses dynamic programming to predict Uses dynamic programming to predict 

secondary structures in RNA secondary structures in RNA 
sequencessequences

Returns optimal and suboptimal Returns optimal and suboptimal 
predicted structurespredicted structures

Dynamic programming requires 2 Dynamic programming requires 2 
matrices, V and Wmatrices, V and W

W(i,j) := energy of best structure on i,jW(i,j) := energy of best structure on i,j
V(i,j) := energy of best structure on i,j V(i,j) := energy of best structure on i,j 

given that i,j are pairedgiven that i,j are paired

PREDICTION of RNA PREDICTION of RNA 
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RNAGA:  A genetic algorithm for predicting a secondary
structure common to a set of phylogenetically related
sequences. 

Algorithm:  RNA structure is optimized by not only the free energy of the
formation of the structure but also the structural similarity among
the homologous sequences by a genetic algorithm.

Genetic Algorithm of RNAGA:
1.  A population of individuals ( a set of RNA secondary structures)

2.  A measure that provides the fitness for the individuals

3.  Operations that are intended to model crossover, mutation and
selection. 
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RNAGA  Algorithm:

Individual Representation:

A secondary structure is an individual in the population.
Each structure is encoded by T as a set of Stems,

T = {S1, S2, …, Sn}

Si = (ai,  bi), (ai,  bi) is the closing base pair of a stem Si

Each of individuals represents a search point in the space of 
potential solutions to a given optimization based on the selected 
Fitness Function
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RNAGA  Algorithm:

Fitness Function

Predefined fitness (object) functions:

Thermodynamic Stability:   Folded Free Energy
It is used in the initial stage of the optimization       
procedure

Structural Similarity among the structures:
It is used in the second stage of the optimization. 
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RNAGA Algorithm:
Initial Generation of  a Population of Individuals

For each sequence
a. A stem Si is randomly chosen  from the master list of all possible 

stems that can be formed by base-pairing rule.
b. For the stem Si we consider a list of stems that are interior 

(nested) to the stem.  From this list we select those stems that
are compatible with those already incorporated into the
structure until no stem can be added.

c. In the procedure, a stem is added to the structure if the addition 
of a stem increases the stability of the structure, otherwise, the
addition is determined by the Boltzmann rule.

d. The steps a-c are repeated until no more stem Si can be chosen  
from the master list
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RNAGA Algorithm:  Operation

Crossover:   Genetic crossover exchanges information among
solutions creating the possibility of the right combination
of motifs for better solutions.

In RNAGA,  a pair of structures is selected as two parental 
structures from the population and the selection is based on
the fitness score.   A stem pool is formed from the pair of
structures.  An offspring of the two parental structures is
constructed by  stepwise selection of one stem after another
from the pool.   Only stems compatible with the previously
selected ones are added.  If two stems overlap and one is
selected then the selected one is taken wholly and the other
is shortened.
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RNAGA Algorithm:  Crossover  Operation:

The offspring is required to be different from the two
parental structures.

For a population of n structures n pairs of structures are
selected to be subjected to crossover
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RNAGA Algorithm:   Mutation Operation

Every structure in the population is subjected to be mutated.

Mutation is performed by the removal of some stems from the
individual and the subsequent addition of new stems.

a.  In the initial stage,  the stem which closes a region with
positive E will be removed from the structure.   If no such
stem exists,  the removal stem is randomly selected.

b.  In the second stage, the removal of stems is based on a
roulette wheel spin method with slots weighted in inverse
proportion to the stem conservation scores.   The addition 
of new stem is done in a randomized manner.

c.   Resulted mutated structure is required to possess a certain
thermodynamic stability (predetermined).        
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RNAGA Algorithm:   Selection Operation
a. For a population of n structures,  3n structures are 

produced in each GA iteration.
b. Size  of population is kept constant in the algorithm.
c. Fitness Scores:

Free Energy E ,  Structural Conservation (Similarity Score)
Stem Conservation,  Structural Distance Function, dij

dij =  1 – nij /mij, nij is the number of base pairs in
common between Si and Sj; mij is the maximal of base pairs
between two any structures of the population.

d. Structure difference between solutions
For each structure we also define a score as the difference
between its fitness and the best fitness value in the set
divided by its distance function,           
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RNAGA Algorithm:   Selection Operation

e. The structures in the population are sorted in increasing 
order of this score and the new population is selected
from the top of the list.  



Implementation of RNAGA

1. Generate an initial population of n structures for each Sequence.

2. Iterate crossover, mutation and selection with E as the fitness
function until the stability criteria of the structures are reached.
In the second stage,  those operations are optimized based on
the fitness functions of both E and structural similarity.

3. Evaluate the conservation score for each structure in the current
generation and compute the stem conservation score for each 
stem in the structure for each sequence.

4.   Perform genetic operations on the current generation for each
sequence.

5.   Collect potential common structures for each sequence.



Implementation of RNAGA

6. Select the next generation for each sequence.

7. Repeat steps 3-6 until the maximal number of generations
has been reached and converge is reached. 

8. Rank those structures based on the computed conservation
scores. 



Implementation of RNAGA

RNAGA Web Interface:

http://protein3d.ncifcrf.gov/shuyun/rnaga.html

RNAGA  server for online users:

http://protein3d.ncifcrf.gov/shuyun/dorna2d.html



Accuracy of RNAGA predictions



Alignment of 25 5S rRNAs



E. coli
5S 

rRNA

E. Coli 5S rRNA

)



HIV-1 RRE

group M             group O

Less than 60% sequence
similarity between M and O



Structural alignment of seven HIV-1 RRE sequences



Consensus 
RRE for

HIV-2/SIV



Structural alignment of 10 RRE sequences of HIV-2/SIV



Atomic-level structural models

Atomic-level models can be derived by 
manual model building, or by programs.

We use Hugo Martinez’s program RNA2D3D
which literally folds a planar secondary 
structure model into 3D.

Refinements are done with molecular
mechanical/dynamical programsl, mainly
using the Kollman lab’s AMBER.


